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We previously reported that unilaterally eye enucleated subjects show superior contrast letter 
acuity to normally sighted monocular viewing control subjects. We suggested that reorganization of 
the visual system in the enucleated subjects may compensate for their loss of binocularity. Here we 
measured contrast letter acuity in normally sighted binocular control subjects and compared these 
results to previously published results of eye enncleated subjects and monocular viewing control 
subjects. We found equivalent performance between enucleated subjects and binocular control 
subjects, suggesting that performance of enucleated subjects might be due to some form of neural 
summation. © 1997 Elsevier Science Ltd. 
Contrast sensitivity Eye enucleation 
INTRODUCTION 
We recently (Reed et al., 1996) reported an investigation 
of the effect of visual disruption on contrast letter 
thresholds (using Regan Letter cards and charts) in the 
non-affected eye of patients with unilateral eye enuclea- 
tion. These eye-enucleated subjects showed contrast 
letter thresholds that were superior to normal control 
subjects at all contrasts (4-96%). The superior perfor- 
mance of the enucleated subjects might imply realign- 
ment of cortical cells favoring the remaining eye, which 
compensates for their lack of binocularity. 
Binocular summation (improvement in visual abilities 
for binocular viewing over monocular viewing) has been 
noted for many visual tasks including acuity (Home, 
1978; Cagenello et al., 1993), reaction time (Blake et al., 
1980; Westendorf & Blake, 1988), contrast tasks (Camp- 
bell & Green, 1965; Legge, 1984), vernier acuity (Banton 
& Levi, 1991; Lindblom & Westheimer, 1989) lumi- 
nance tasks and form recognition (Arditi, 1986; Blake et 
al., 1981). For acuity, this superiority for binocular acuity 
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appears to remain even under optimal monocular viewing 
conditions (Horowitz, 1949), though this advantage is 
small. There are two possible sources of this binocular 
advantage (see Howard & Rogers, 1995 for review). The 
binocular advantage may be due to probability summa- 
tion (two eyes have two independent opportunities of 
detect a stimulus) or neural summation (monocular 
signals converge and both monocular signals contribute 
to the binocular esponse). 
Cagenello et al. (1993) previously investigated bino- 
cular and monocular acuity in normally sighted subjects 
using letter stimuli that varied in contrast. For all 
subjects, binocular acuity estimates were superior to 
monocular estimates at contrasts above 0.5 and in half of 
the subjects binocular estimates were superior at all 
contrasts. This improvement was not as large as would be 
expected from studies of binocular and monocular 
contrast sensitivity (see, for example Campbell & Green, 
1965). However, Lindblom & Westheimer (1989) have 
pointed out that binocular summation depends on the 
configuration of the stimulus. Configuration differences 
between the letter stimuli and contrast gratings may 
account for the smaller improvement with letter stimuli. 
Cagenello et al. (1993) further determined that this 
improvement of binocular subjects over monocular 
subjects in their letter task remains even when stimulus 
contrast varies between the two eyes. Thus, Cagenello et 
al. suggest that these results are more likely due to some 
form of neural summation than probability summation 
(probability summation should only occur when sensitiv- 
ities between the two eyes are closely matched). We 
2465 
2466 M.J. REED et al. 
wondered if neural summation might help explain our 
superiority of contrast letter thresholds in enucleated 
subjects over normally sighted control subjects viewing 
monocularly. 
To further investigate the effects of visual enhance- 
ment in the remaining eye of enucleated subjects, we 
compared previously published contrast letter thresholds 
in patients with unilateral eye enucleation and control 
subjects viewing monocularly, with control subjects 
viewing binocularly. It is possible that the enucleated 
subjects were previously advantaged over monocular 
viewing control subjects due to cortical reorganization, 
thus having some form of neural summation available to 
them. We wondered if this advantage would be main- 
tained when comparing these results to control subjects 
viewing binocularly. 
MATERIALS AND METHODS 
Control subjects 
Monocular subjects. As previously reported (Reed et 
al., 1996) 23 normally sighted children and adults 
ranging in age from 7.2 to 52.8 yr served as subjects. 
All subjects had near normal vision of 20/20 in each eye 
and performed normally on the Randot stereo test (Stereo 
Optical Co. Inc.). Six subjects howed refractive rrors 
(which were corrected uring testing) between -3  and +2 
diopters (one subject showed a moderate astigmatism at
78 deg). 
Binocular subjects. Eighteen ormally sighted children 
and adults ranging in age from 7.8 to 36.9 yr served as 
subjects. All subjects had near normal vision of 20/20 in 
each eye and performed normally on the Randot stereo 
test (Stereo Optical Co. Inc.). Two subjects showed 
refractive errors in each eye (which were corrected 
during testing) between -2  and -1  diopters (no subject 
showed an astigmatism). 
Eye enucleated subjects. A full description of the eye 
enucleated subjects can be found in Reed et al. (1996). 
Briefly, 25 patients, who were monocularly enucleated 
and were being followed at The Hospital for Sick 
Children in Toronto, served as subjects. All had been 
enucleated because of unilateral retinoblastoma, except 
for one subject who had Coat's disease. In all subjects the 
remaining eye was ophthalmologically normal. Age at 
testing ranged from 7.4 to 54 yr. Age at enucleation 
ranged from 4 to 47 months. Acuities for these patients 
were within normal limits and refractive errors were 
noted in six subjects. These refractive rrors ranged from 
-2.3 to +2.5 diopters (spherical errors or spherical 
equivalents). One subject showed amild astigmatism. All 
subjects were tested with full optical correction. 
Apparatus and procedure 
The apparatus and procedure are described in detail in 
Reed et al. (1996). However, briefly, subjects were tested 
either at home or at The Hospital for Sick Children in 
Toronto. Subjects sat 3 m from the front of a display 
stand. Monocular normally sighted subjects had the non- 
preferred eye patched. Subjects were tested with their 
spectacle correction. The display stand stood 150 cm 
high and 47 cm wide. On each side (right and left) of the 
stand was fluorescent tubing light which ran the length of 
the 75 cm crescent gray display area. The average 
luminance of the display area was 119 cd/m 2. At the 
bottom of the display area stood a small shelf that served 
to hold the Regan contrast charts, while two clips at the 
top of the stand held each chart in place. 
The stimuli were five Regan letter charts (Paragon 
Services Inc.) which varied in contrast. The contrast 
values for each chart were 96, 50, 25, 11 and 4%. The 
letters on the eleven successive lines of each of the charts 
differed in size by the same ratio (0.33 octaves), thus, 
letter size doubles every three lines (from bottom to top). 
The eight letters (of a possible 10 letters) within each line 
on the charts were identical in size and line numbers 
across charts represented equivalent sized letters. Line 
eight on the high contrast (96%) Regan Letter Chart was 
equivalent to the Snellen Letter Acuity of 20/20 when 
viewed at 3 m. 
During presentation of the charts, the subject was 
asked to identify each letter on each line of the chart. If 
the subject was not sure of a letter they were asked to 
guess. The different contrast charts were presented in 
random order between subjects, however, the subject 
always read left to right, from the top line (largest letters) 
to the bottom line of the chart. Charts were read this way 
so that the procedure could be conducted quickly and the 
procedure was similar to the way in which the charts are 
normally used in a clinical setting. The testing was 
complete when each line had been attempted by the 
subject. 
The number of errors the subject made for each line of 
letters were recorded for the charts. Any line in which the 
subject could correctly identify at least 75% of the letters 
was considered a pass. For each chart, the estimate of the 
visual contrast letter score was taken as halfway between 
the last passed letter line and the first failed letter line. 
Acuity measures based on estimates between the last 
passed stimulus and first failed agree well with other 
accepted measures (see Reed et al., 1996). 
RESULTS 
Figure 1 represents the mean visual contrast letter 
scores of each subject group. For convenience, letter 
scores on this figure have been converted into decimal 
visual acuity scores. As shown in Fig. 1, there is a 
strong effect of subject group on the line number ead 
(F(2, 63) = 21.53, P < 0.01). Monocular viewing normal 
control subjects howed inferior performance toboth eye 
enucleate and binocular viewing normal control subjects 
at all contrasts tested (Newman-Keuls, P< 0.05). 
Further, enucleated subjects show similar performance 
to binocular viewing control subjects at all contrasts 
tested except 4%, where binocular viewing control 
subjects how superior performance toenucleate subjects 
(Newman-Keuls, P < 0.05). 
No significant correlations were found between con- 
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FIGURE 1. Mean visual acuity and standard error of eye enucleated, and binocular and monocular viewing control subjects on 
96, 50, 25, 11 and 4% contrast charts. Data for the eye enucleated and the monocular viewing control subjects were previously 
published in Reed et al. (1996). 
trast letter scores and age at testing, visual acuity, 
refractive rror and age at enucleation (in the enucleated 
subjects) in any subject group, except for the following. 
Monocular viewing control subjects howed small but 
significant correlations between age and contrast letter 
scores for the 95% and the 25% charts (r = 0.4 and 0.5, 
respectively). A small but significant correlation was 
found between age at enucleation and contrast letter score 
for the 25% chart (r = 0.5). These correlations, however, 
account for 25% or less of the variation in these data. 
DISCUSSION 
Normally sighted subjects viewing monocularly show 
inferior contrast letter performance at all contrasts 
relative to normally sighted subjects viewing binocularly. 
This well documented finding was expected and is in 
agreement with Cagenello et al. (1993), who showed that 
binocular viewing leads to superior performance over 
monocular viewing when using contrast letter ecognition 
charts. We previously found (Reed et al., 1996) that 
enucleated subjects show superior letter recognition 
thresholds to monocularly control subjects at all 
contrasts. Here we find that enucleated subjects how 
equivalent contrast letter performance to binocular 
control subjects at all contrasts, except our lowest 
contrast (4%), where binocular performance is superior 
to eye enucleate performance. 
Electrophysiological studies show that in animals 
substantial cortical changes can take place following 
monocular visual deprivation. For example, there are 
many retinal axons at the level of the LGN that are 
inappropriate in size, number and location (Casagrande 
& Condo, 1988; Finlay et al., 1986; Garraghty et al., 
1988; Rakic, 1986). There are changes in density of 
calcium binding proteins in the LGN, which may 
influence the development of cortical circuitry and 
response specificity (Gutierrez & Cusick, 1994; Muller 
et al., 1993). There is weakened influence of columnar 
borders on dendritic fields in the primary visual cortex 
(Kossell et al., 1995). There is a reduction of large 
receptive field neurons in the primary visual cortex (Bisti 
& Timarchi, 1993; Bisti et al., 1995). There is shrinkage 
of the contralateral superior colliculus following uni- 
lateral enucleation and an inappropriate number of 
ipsilateral projections to the superior colliculus (Insausti 
et al., 1985; Ostrach et al., 1986; Reese, 1986; Shen & 
Baisden, 1986; Thurlow & Cooper, 1985). Further, there 
is a shift in ocular dominance to the non-deprived eye and 
an expansion of ocular dominance columns which 
receive input from the non-deprived eye. Conversely 
there is a shrinkage of ocular dominance columns which 
receive input from the deprived eye (Hubel & Wiesel, 
1962; Hubel et al., 1977; Kratz & Spear, 1976). Single 
unit recordings of the LGN have shown that in 
monocularly deprived animals all neurons are driven by 
the remaining eye, and receptive field sizes in the area 
centralis are smaller than those in control animals (Shook 
et al., 1985). These cortical changes have led some 
researchers tospeculate that the non-deprived eye may be 
advantaged in visual performance (see Bradley & 
Freeman, 1980). The superior performance of our 
enucleated subjects over monocularly viewing normally 
sighted subjects might be due to some form of neural 
summation. That is, the subjects may be advantaged by a 
shift in ocular dominance of cells from the enucleated eye 
to the remaining eye. The idea that performance is 
somehow enhanced by shifts in ocular dominance is 
further supported by the fact that enucleated subjects 
perform similarly to normally sighted subjects viewing 
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binocularly. If normally sighted subjects viewing bino- 
cularly are advantaged because of the contributions to the 
binocular response by both monocular signals (neural 
summation), then equal performance between binocular 
subjects and eye enucleated subjects would be expected. 
However, it is also possible that the superior performance 
of eye enucleated subjects over monocular control 
subjects was due to reductions in synaptic competition 
for eye enucleated subjects (see Daw, 1995 for review), 
long term elimination of rivalry processes in enucleated 
subjects or normal binocular rivalry in patched mono- 
cularly viewing subjects (for review see Howard & 
Rogers, 1995), changes in the visual system of eye 
enucleated subjects, unrelated to experience (Herrmann 
& Shatz, 1995), non-cellular alterations in the visual 
system of eye enucleated subjects or a combination of 
many factors (see Shaw et al., 1994 for review). 
We do not believe that the current results are simply 
due to monocular practice or practice at recognition (or 
practice at recognition tasks) of the enucleated subjects, 
since our past behavioural studies show enucleated 
subjects to have equivalent performance to monocularly 
viewing normally sighted subjects in terms of orientation 
perception (Reed et al., 1995), and use of parallax 
information in depth perception (Gonzalez et al., 1989). 
Further, we previously found that enucleated subjects 
show superior performance in contrast letter thresholds to 
unilateral strabismic subjects who show suppression to 
the strabismic eye and are tested in the non-affected eye 
(Reed et al., 1996). If our results were simply due to 
monocular practice, similar results would have been 
expected between the enucleated sample and the 
strabismic sample. Further, our enucleated sample show 
similar performance at contrast letter recognition to 
binocularly sighted control subjects and both are 
improved over monocularly sighted control subjects. If 
these findings were simply due to practice in recognition 
(or practice on recognition tests) superior performance of 
our enucleate sample should have persisted when 
compared to binocular control subjects. 
Interestingly, Gonzalez et al. (1992) found no 
difference between vernier acuities of enucleated sub- 
jects and monocularly sighted subjects, while binocular 
subjects showed superior performance. The superior 
performance of binocular subjects in hyperacuity tasks 
has been well documented by Lindblom & Westheimer 
(1989) and Banton & Levi (1991). The results of 
Gonzalez and colleagues provide evidence that the 
superior performance of binocular control subjects is 
due to probability summation. However, the differences 
in performance between Gonzalez et al. and the current 
study could be due to enucleate sample differences 
(Gonzalez et al. include subjects under the age of 7 yr and 
subjects with peripheral lesions in the remaining eye). It 
is possible that type of binocular summation (due to 
probability summation or due to neural summation) is 
task-specific. The Vernier task is a detection task, while 
the letter contrast task holds two components, a detection 
component and a recognition component. It is possible 
that the eye enucleate subjects have improved recognition 
ability that compensates for their loss of binocular vision. 
In summary, our results do show that the performance 
on Regan contrast letter charts of enucleated subjects is 
equivalent to that of normally sighted binocular viewing 
subjects and superior to monocularly viewing normally 
sighted subjects. We speculate that these results may be 
due to neural summation, where cortical reorganization 
in favor of the remaining eye in enucleated subjects is 
equivalent to neural summation in binocular subjects. 
REFERENCES 
Arditi, A. (1986). Binocular vision. In Boff, K. R., Kaufman, L. & 
Thomas, J. P. (Eds), Handbook of perception and human 
performance, Vol. 1, Sensory processes and perception. New York: 
John Wiley. 
Banton, T. & Levi, D. M. (1991). Binocular summation i vernier 
acuity. Journal of the Optical Society of America A, 8, 673-680. 
Blake, R., Martens, W. & DiGianfilippo, A. (1980). Reaction time as a 
measure of binocular interaction i  human vision. Investigative 
Ophthalmology and Visual Science, 19, 930-941. 
Blake, R., Sloane, M. & Fox, R. (1981). Further developments in 
binocular summation. Perception and Psychophysics, 30, 266-276. 
Bisti, S. & Trimarchi, C. (1993). Visual performance in behaving cats 
after prenatal unilateral enucleation. Proceedings of the National 
Academy of Sciences USA, 90, 11142-11146. 
Bisti, S., Trimarchi, C. & Turlejski, K. (1995). Prenatal monocular 
enucleation induces aselective loss of low-spatial-frequency cortical 
responses to the remaining eye. Proceedings of the National 
Academy of Sciences USA, 92, 3908--3912. 
Bradley, A. & Freeman, R.M. (1980). Monocularly deprived humans: 
nondeprived eye has supernormal vernier acuity. Journal of 
Neurophysiology, 43, 1645-1653. 
CageneUo, R., Arditi, A. & Halpern, D. L. (1993). Binocular 
enhancement of visual acuity. Journal of the Optical Society of 
America A, 10, 1841-1848. 
Campbell, F. W. & Green, D. G. (1965). Monocular versus binocular 
visual acuity. Nature, 208, 191-192. 
Casagrande, V. A. & Condo, G. J. (1988). Is binocular competition 
essential for layer formation i the lateral geniculate nucleus? Brain, 
Behavior and Evolution, 31, 198-208. 
Daw, N. (1995). Visual development. New York: Plenum Press. 
Finlay, B. L., Sengelaub, D.R. & Berian, C. A. (1986). Control of cell 
number in the developing visual system. 1. Effects of monocular 
enucleation. Developmental Brain Research, 28, 1-10. 
Garraghty, P.E., Shatz, C. J., Sretavan, K. W. & Sur, M. (1988). Axon 
arbors of X and Y retinal ganglion cells are differentially affected by 
prenatal disruption of binocular inputs. Proceedings of the National 
Academy of Sciences USA, 85, 7361-7365. 
Gonzalez, E., Steinbach, M. J., Ono, H. & Rush-Smith (1992). Vernier 
acuity in monocular nd binocular children. Clinical Vision Science, 
7, 257-261. 
Gonzalez, E., Steinbach, M. J., Ono, H. & Wolf, M. (1989). Depth 
perception i humans enucleated ata early age. Clinical Vision 
Science, 4, 172-177, 
Gutierrez, C. & Cusick, C. G. (1994). Effects of chronic monocular 
enucleation on calcium binding proteins calbindin-D 28k and 
parvalbumin i  the lateral geniculate nucleus of adult rhesus 
monkeys. Brain Research, 651,300-310. 
Herrmann, K. & Shatz, C. J. (1995). Blockade action potential ctivity 
alters initial arborization of thalamic axons within cortical layer 4. 
Proceedings of the National Academy of Sciences USA, 92, 11244- 
11248. 
Home, R. (1978). Binocular summation: a study of contrast ensitivity, 
visual acuity and recognition. Vision Research, 18, 579-586. 
Horowitz, M. W. (1949). Analysis of the superiority ofbinocular over 
monocular visual acuity. Journal of Experimental Psychology, 39, 
581-596. 
CONTRAST ACUITY IN EYE ENUCLEATED SUBJECTS 2469 
Howard, I. P. & Rogers, B. J. (1995). Binocular vision and stereopsis. 
New York: Oxford University Press. 
Hubel, D. H. & Wiesel, T. N. (1962). Receptive fields, binocular 
interaction and functional architecture in the cat's visual cortex. 
Journal of Physiology (London), 160, 106-154. 
Hubel, D. H., Wiesel, T. N. & LeVay, S. (1977). Plasticity of ocular 
dominance columns in monkey striate cortex. Philosophical 
Transactions of the Royal Society of London Series B, 278, 377-409. 
Insausti, R., Blakemore, C. & Cowan, W. M. (1985). Postnatal 
development of the ipsilateral retinocollicular projection and the 
effects of unilateral enucleation i  the golden hamster. The Journal 
of Comparative Neurology, 234, 393-409. 
Kossell, A., Lowel, S. & Bolz, J. (1995). Relationships between 
dentritic fields and functional architecture in striate cortex of normal 
and visually deprived cats. Journal of Neuroscience, 155, 3913- 
3926. 
Kratz, K. E. & Spear, P. D. (1976). Effects of visual deprivation and 
alterations in binocular competition on responses of striate cortex 
neurons in the cat. Journal of Comparative Neurology, 170, 141- 
152. 
Legge, G. E. (1984). Binocular contrast summation. Detection and 
discrimination. Vision Research, 24, 273-283. 
Lindblom, B. & Westheimer, G. (1989). Binocular summation in 
hyperacuity tasks. Journal of the Optical Society of America A, 6, 
585-589. 
Muller, C. M., Akhavan, A. C. & Bette, M. (1993). Possible role of S- 
100 in glia-neuronal signaling involved in activity-dependent 
plasticity in the developing mammalian cortex. Journal of Chemical 
Neuroanatomy, 6 215-227. 
Ostrach, L. H., Crabtree, J. W. & Chow, K. L. (1986). The ipsilateral 
retinocollicular p ojection in the rabbit: an autoradiographic study of 
postnatal development and effects of unilateral enucleation. Journal 
of Comparative Neurology, 254, 369-381. 
Rakic, P. (1986). Mechanism of ocular dominance segregation i the 
lateral geniculate nucleus: competitive elimination hypothesis. 
Trends in NeuroSciences, 9 11-15. 
Reed, M. J., Steeves, J. K. E., Steinbach, M. J., Kraft, S. &Gallie, B. 
(1996). Contrast letter thresholds in the non-affected eye of 
strabismic and unilateral eye enucleated subjects. Vision Research, 
36, 3011-3018. 
Reed, M. J., Steinbach, M. J., Ono, H., Kraft, S. & Gallie, B. (1995). 
Alignment ability of strabismic and eye enucleated subjects on the 
horizontal and oblique meridians. Vision Research, 35, 2523-2528. 
Reese, B. E. (1986). The topography of expanded uncrossed retinal 
projections following neonatal enucleation of one eye: differing 
effects in dorsal lateral geniculate nucleus and superior colliculus. 
The Journal of Comparative Neurology, 250, 8-32. 
Shaw, C. A., Lanius, R. A. & van den Doel, K. (1994). The origin of 
synaptic neuroplasticity: crucial molecules or a dynamic cascade? 
Brain Research Reviews, 19, 241-263. 
Shen, C. L. & Baisden, R. H. (1986). Expansion of the ipsilateral 
retinal projection to the medial terminal nucleus of the accessory 
optic system in rats with one eye removed. ExperimentalNeurology, 
93, 270--274. 
Shook, B. L., Maffei, L. & Chalupa, L. M. (1985). Functional 
organization of the cat's visual cortex after prenatal interruption of 
binocular interactions. Proceedings of the National Academy of 
Sciences USA, 82, 3901-3905. 
Thurlow, G. A. & Cooper, R. M. (1985). Increased ependence of 
superior colliculus metabolic activity on visual cortex after eye 
enucleation. Experimental Neurology, 90, 594-600. 
Westendorf, D. & Blake, R. (1988). Binocular reaction times to 
contrast increments. Vision Research, 28, 355-359. 
Acknowledgements--We would like to thank Dr David Martin Regan 
for loaning us the letter cards and Ron Collis for his statistical 
expertise. This research was supported by grants from the Medical 
Research Council of Canada (MT-12173) and the Natural Science and 
Engineering Research Council of Canada (A7664) to Dr M. J. 
Steinbach. 
